ABSTRACT Due to recent developments in the cellular communication system, stochastic process implementation is necessary. The cellular communication system exhibits random patterns in various domains, thereby compelling the utilization of stochastic processes to achieve an optimal output. User behaviors with respect to the variable geographical pattern, population density, architecture, data usage, and mobility over various cells are random in nature. Therefore, the stochastic-geometry-based Poisson point process (PPP) technique can be implemented to accurately analyze these random processes in device-to-device (D2D)-based cooperative cellular networks. The stochastic modeling entails the consideration of transmitters and receivers as the elements of stochastic point processes. The hexagonal method is not applicable for the implementation of heterogeneous network topologies, as it is not suitable for topologies, in which the cell size is not fixed. Therefore, a randomly designed heterogeneous network uses stochastic geometry as a viable solution for predicting the probabilistic parameters, including the cell interference, load distribution, coverage probability, base station (BS) mapping, and signal-to-interference-plus-noise ratio (SINR). Moreover, as a network architecture that is based on relay nodes (RNs), cellular and D2D users can be utilized in the domain of homogeneous random models. The associated phenomenon can be considered independent and Poisson. In this paper, the stochastic-geometric-based PPP approach is introduced for modeling the SINR, success probability, ergodic capacity, and outage probability for the D2D-enabled cooperative cellular network. The proposed PPP realistic model utilizes BS, RN, the cellular user (CU), and D2D user positioning method to design an interference-free network. The success probability, ergodic capacity, and outage probability for cellular and D2D users are used as metrics for evaluating the results with respect to various SINR threshold values and node densities. Moreover, the total success probability, ergodic capacity, and outage probability have been calculated for various multiple-input-multiple-output (MIMO) antenna configurations to validate the results. The results confirmed that the proposed PPP model approach outperforms the grid model and conventional multi-antenna ultra-dense network (UDN) approaches.
I. INTRODUCTION
Due to the recent escalation in the utilization of communication devices, the pursuit of higher bandwidth has become imperative [1] . Several researchers, mobile operators, and the The associate editor coordinating the review of this manuscript and approving it for publication was Xiaofan He.
3rd Generation Partnership Project (3GPP) are collaborating to achieve higher throughput with larger user capacity [2] . The next-generation mobile network will be referred to as the fifth generation (5G) network and is expected to be commercialized in the year 2020 [3] , [4] . The expected data rate for the 5G network is approximately 100 Gbps with maximum latency of 1 ms, along with better user capacity and battery RNs, CUs, and D2D users [50] . Since the channel conditions are not static and can cause random changes in terms of the shadowing and fading effects, the variation in the received SINR, which causes impulsive user throughput, is a crucial issue to be mitigated. The most common constraints that cause such changes are i) the user density in the specified area, ii) the height of the transmitting antenna, and iii) the radius of the cell. These parameters strongly affect the performance of heterogeneous and relay networks that are deployed in urban and suburban regions [51] . Overall enhanced network performance with superior SINR and throughput can be achieved by improving the network architecture where the BSs, RNs, and cellular and D2D users are deployed through stochastic modeling [52] .
II. CONTRIBUTIONS
Network planning and design are the most important steps in network geometry modeling that increase in complexity when a D2D-enabled cooperative cellular network is considered. Various unconventional methods can be employed to address complicated scenarios to create a realistic scheme. Enabling a D2D network in a cellular network facilitates the exploitation of the direct communication between the CUs, thereby improving the spectrum utilization, energy efficiency and overall throughput of the network. However, the users in a multi-hop D2D-enabled cooperative cellular network suffer from various interferences such as intra and inter-cell interferences that can be from nearby cells, RNs, CUs, or D2D users, which affects the user SINR and can cause the ambiguous received signal. This study investigates additional interference issues that arise while enabling the D2D network in the existing cellular network. A new PPP approach has been formulated that encompasses a wide variety of interferences by considering a multi-hop high-density D2D-enabled cooperative cellular network in which the signal is transferred from BS-to-D2D by crossing three network hops: the BS-to-RN, RN-to-CU, and CU-to-D2D. A stochastic geometric-based PPP approach is utilized to model the SINR and success probability for D2D-enabled cooperative cellular networks. Then, low complex spatial interference cancellation is applied to model the success probability, average capacity, and outage probability for the individual network hops. The performance of the proposed PPP model approach has been compared with those of the grid model and conventional multi-antenna UDN approaches. Subsequently, the results have been evaluated in terms of the success probability, ergodic capacity and outage probability for cellular and D2D users at various SINR thresholds and cell densities. Moreover, to verify the proposed PPP model, the total success probability, ergodic capacity and outage probability from BS-to-D2D have been calculated under various MIMO antenna configurations.
The remainder of the paper is organized as follows: Section 3 reviews the recent literature on interference in D2D-enabled cellular networks and highlights the limitations of the available approaches. Section 4 presents the network system model. Section 5 discusses the calculation of SINR for user hops from the BS-to-RN, RN-to-CU, and CU-to-D2D. In addition, mathematical models for the success probability before and after the interference cancellation effect, the ergodic capacity, and the outage probability are presented in this section. Section 6 presents the results of the comparison of the proposed PPP model with the grid model and the conventional multi-antenna UDN model, and Section 7 presents the conclusions of this study.
III. LITERATURE REVIEW
The D2D-enabled cooperative cellular network has several advantages; however, various technical challenges are encountered, e.g., in device discovery, node finding, and interference management. The future-generation wireless systems, such as the 5G network and beyond, are expected to implement efficient interference management mechanisms to achieve more reliable communication [53] . With the advent of D2D technology, users can now communicate over multiple interfaces in the same shared access network. The fundamental challenge in the D2D-enabled cooperative cellular network is to mitigate the unwanted signal during cellular and D2D transmissions, which can coexist within the same frequency channel. One method for achieving this goal is to reduce the transmission power of users within the confinement of the D2D region of the network, rather than reducing the transmission power of the cellular systems, which tends to create an imbalance between the downlink and uplink coverage. However, this method will affect the overall network performance. Several studies have recently been conducted on concerning mitigation of the interference effect in the D2D-enabled cooperative cellular network, a few of which are discussed below.
The stochastic-geometry-based PPP model is one of the efficient models for mitigating interference in the network and helps to improve the overall system performance. The authors in [54] have investigated the signal-to-interference ratio (SIR) meta-distribution depending on the wireless node location. These authors have used the PPP approach to model BSs and D2D users using the meta-distribution and have calculated the mean local delay to analyze the analytical expression. The proposed techniques have been demonstrated to be beneficial for D2D receivers and downlink CUs, while maintaining the probabilities of cellular and D2D users, even if the user density varies. Moreover, in [55] , the authors have focused on the estimation of the data session blocking probability to increase the energy efficiency and characterize the energy expenditure for D2D users. These authors have proposed licensed and unlicensed bands for modeling the D2D system using PPP for users' formulations. The results confirm that their methodology accurately models the interworking cooperation between 3GPP LTE and Wi-FiDirect technologies with a significant achieved gain. Another approach, which is presented in [56] , focuses on the performance of the cellular and D2D underlay uplink cellular network. The authors have used the fractional frequency reuse (FFR) technique to minimize the interference between cellular and D2D users. According to the results, by modeling the spatial distribution of D2D users as a homogeneous PPP, the overall system coverage has been improved. In another approach, the interference characterization of the D2D underlay network, along with the consideration of spatial and social relationships, has been investigated [57] . The authors have performed spatial and social distributions of interfering D2D nodes and have utilized the Zipf-based marked PPP approach to achieve a thinned independently marked PPP (IMPPP) process. This method has simplified the power control and enhanced the physical distance that satisfies the capacity demands. In [58] , massive MIMO energy efficiency with the power beacon (PB) technique has been investigated. The PPP hybrid network, with the consequent positions of cellular and D2D users, helps boost the sufficient probability of D2D communications.
Moreover, the authors in [59] have focused on the performance analysis network model of D2D, along with RF energy harvesting. These authors have utilized a PPP stochastic geometric model for the BS distribution, in combination with the Ginibre determinantal point process (DPP). This approach is used to investigate the combination of the peerto-peer simultaneous wireless information and power transfer (SWIPT) strategy and RF transmitters. The results are compared with those of the PPP approach for the downlink multichannel cellular network. The proposed method performs better under the D2D condition in combination with SWIPT transmission and energy harvesting. Another approach has been studied for the coverage enhancement of cellular networks. This approach utilizes the stochastic geometry-based PPP approach and the Laplace function to decrease the path loss and determine the shortest pair distance [60] . The analytical criterion-based D2D pairing is excluded in this methodology. The proposed method has outperformed the conventional method in terms of the coverage probability of CUs. Moreover, the authors in [61] have studied a distance-based power control scheme for uplink cellular networks. These authors have proposed a stochastic geometrybased PPP model for analyzing the coverage performance of both CUs and D2D users. In their study, these authors have succeeded in increasing the system performance by reusing cellular frequency resources. The authors in [62] have investigated D2D user allocation with multiband heterogeneous networks. This study utilized a stochastic geometry system model that is based on the Lagrange function and the Karush-Kuhn-Tucker (KKT) conditions. The results confirmed that the proposed approach successfully mitigates interferences and increases the D2D transmission capacity. In [63] , the mixed joint mode transmission pair for cellular and D2D networks has been studied. The authors proposed an analytical model that is based on stochastic geometry and focused on i) cellular/D2D mode selection in which the nearest BS receives the power and ii) a D2D pairing scheme that focuses on the nth-nearest neighbor as the serving node for the receiver interest. The results show that the proposed method significantly increases the system sum throughput and widens the coverage probability. The authors in [64] have focused on the performance of UDN for multi-antenna receivers. The proposed approach adopted the stochasticgeometry-based framework for integral expressions and tight tractable approximations for the probability of successful transmission. This approach assumes that no more than half of the available degrees of freedom should be used for interference cancellation. The results demonstrated the efficiency of the proposed model compared with other conventional techniques.
Furthermore, in a practical wireless system, the network traffic varies both spatially and temporally, which may substantially affect the performance of the network. Several studies have been conducted to examine this phenomenon, such as [65] , in which the authors proposed a new approach that is based on the combination of stochastic geometry and queuing theory for the design of ultra-dense traffic fluctuating networks. Various spatiotemporal arrival properties of traffic fluctuations are discussed, along with promising solutions such as dynamic time-vision duplexing and a full-duplex radio. Similarly, an approach reported in [66] also utilizes the combination of a stochastic geometry tool with queuing theory to evaluate the tradeoff between the end-to-end delay and the physical-layer security for wireless networks. The approach involves splitting the message into two separate packets and analyzing the effect on the mean delay and the secrecy outage probability. The results confirmed that the proposed approach delivers superior results for backlogged and dynamic scenarios, even if the number of transmitters is large. Another approach was proposed in [67] for mitigating interferences, in which a tractable analytical model for large-scale heterogeneous IoT networks was designed. This approach utilizes a Poisson cluster process (PCP) approach, which takes the correlations among the device locations into account. This approach is highly suitable for the distribution process of devices, especially for low-power widearea (LPWA) IoT-based networks. The results demonstrated higher QoS performance with an optimal energy operation control policy for IoT devices.
The state-of-the-art related work is summarized in Table 1 .
IV. SYSTEM MODEL
In this model, we have considered a D2D-enabled multitier cellular network that consists of 3-tiers: i) a BS that is connected to an RN (BS-to-RN), ii) an RN that is connected to CUs (RN-to-CU), and iii) a CU that is connected to a D2D user (CU-to-D2D). This network is illustrated in Figure 2 . The complete D2D-enabled cooperative cellular network, along with the received (useful and interference) signals, is illustrated in Figure 3 . The RNs, CUs and D2D users are distributed randomly based on the stochastic geometry with the PPPs of ψ R , ψ CU , and ψ D , respectively. The transmission power constraints for the BSs, RNs, CUs, and D2D users are defined as are denoted as λ R , λ CU , andλ D , respectively. We assume that all channels in our network, namely, The fading factors for RNs, CUs, and D2D users are expressed as h exp (1), f exp(1), and g exp(1), respectively. Moreover, the intensities of the RNs, CUs, and D2D users are denoted as ϒ R , ϒ CU , and ϒ D . The RNs are operated in full-duplex mode, where the reception and transmission of signals occur simultaneously on the same frequency band. The decode-and-forward protocol is utilized, in which the message signal from the BS is decoded and subsequently re-encoded prior to transmission to the CUs. In our network, we assume that each RN is connected to a single BS and all other signals from other BSs are considered the interference signal. Similarly, each CU is served by the nearest RN, and all other signals at the RN are considered the interference signal; D2D users are served by the nearest CU, and all signals from other sources are considered the interference signal. The entries of each matrix are independent and identically distributed (i.i.d.) and follow a complex Gaussian distribution with zero mean and variance 2 . In a random-access network, the user must be located at the origin to examine the network performance. The results will be obtained using the Palm probabilities of Poisson processes, which will not affect the process statistics due to the stationary position of the receiver in PPP. Table 2 shows all the nomenclature that would be used in the mathematical model presented in the next section.
V. CHANNEL MODEL
As shown in Figure 3 , in the first tier (BS-to-RN) of our network model, the RN, namely, R i , receives various signals, such as the desired signal (DS) x BS i from BS i via channel 
A. SINR CALCULATION
As illustrated in Figure 3 , the CU link consists of three hops: the BS-to-RN, RN-to-CU, and CU-to-D2D. Here we determine the SINR between BS-to-RN in the first link.
1) BS-TO-RN HOP
Building on Slivnyak's theorem [68] , [69] , consider a BS, namely, BS i , which is located at the origin. Due to the stationarity of φ BS i , we express the statistics of the received signal at RN R i . The received signal y R i at R i is the sum of DS plus all interferences from nearby sources.
where the first term represents the DS from BS i plus the noise that is received at R i , the second term represents the RSI, and the third term represents the IRI from the neighboring RN R j . In the RSI, the RN transmitter and receiver have the same stationary position; therefore, no channel path loss is considered.
Suppose the received signal is specified. The SINR at R i is expressed as follows:
where I R i is the overall interference at R i , i.e., RSI and IRI.
In our network, the transmission power at the RNs, namely, ρ R , is much lower than the transmission power at the BS, namely, ρ BS . The RNs lie in their corresponding BS cells, which are separated by a non-zero distance; therefore, in this case, the IRI can be neglected. Moreover, we assume an interference-limited environment; therefore, the noise n R i is much smaller than all the interferences, i.e., n R i I R i . Thus, the noise effect is negligible in this scenario.
2) RN-TO-CU HOP
For the second hop, namely, from the RN-to-CU, the received signal at CU i consists of DS from R i plus the received noise and all the interferences: RUI from R j , CCI from CU j and CDI from D j .
Suppose the received signal is specified. The SINR at CU i is expressed as follows:
where I CU i is the overall interference at CU i , i.e., RUI, CCI, and CDI.
Here, also we assume an interference-limited environment; therefore, the noise n CU i is much smaller than all the interferences, i.e., n CU i I CU i . Thus, the noise effect is negligible in this scenario.
3) CU-TO-D2D HOP
For the third hop, namely, from CU-to-D2D, the received signal at D i is the combination of DS from CU i plus the received noise, with interferences such as RDI from R i , CDI from CU j , and DDI from D j .
Suppose the received signal is specified. The SINR at D i is expressed as follows:
where I D i is the overall interference at D i , i.e., RDI, CDI, and DDI.
Here, also we assume an interference-limited environment; therefore, the noise n D i is much smaller than all the interferences, i.e., n D i I D i . Thus, the noise effect is negligible in this scenario.
The success probability for all individual hops, namely, BS-to-CU, RN-to-CU, and CU-to-D2D, will be calculated in the next section.
B. SUCCESS PROBABILITY
The successful probabilities for full transmission (BS-to-D2D) are given by a joint complementary cumulative distribution function (CCDF) of SINR R 1 , SINR CU i , and SINR D i and denoted by P SUC R i , P SUC CU i and P SUC D i , respectively [70] . Due to the independent sampling of the point process, there is no correlation between these hops and the total success probability is the scalar product of P SUC R i P SUC CU i , and P SUC D i .
According to Fortuin-Kasteleyn-Ginibre inequality [71] , the system performance for the uncorrelated case can be considered as a lower bound. The success probabilities for the three individual hops are calculated below.
1) BS-TO-RN HOP
In this section, we analyze the success probability of the BS-to-RN hop. It is defined as the probability that the obtained SINR at RN R i (as estimated in equation 2) exceeds a predefined threshold, denoted as τ R , and can be expressed as
which is the CCDF of the SINR R i ; here, τ R is the minimum SINR threshold for detecting the transmitted messages successfully. This threshold satisfies a targeted SINR, and the probability of success at R i is
where equation 15 is obtained by conditioning S and its CCDF denoted byF c R i . Theorem 1: Let the interfering relays' transmitters form a Poisson process of intensity ϒ R around RN R i receivers. The success probability of the BS-to-RN hop is calculated as
where
is the Laplace transform of the interference I R i , as explained in Theorem 1 of [72] and where we have defined
Here,ď BS−RN represents the minimum distance between the BS-to-RN. Note that all terms in the summation are positive since the n th derivative of ξ I R i is negative for odd n. Proof: Refer to Appendix A. According to Theorem 1, the employment of multiple receive antennas results in an array, and the larger the value of N R i , the more terms are summed to obtain P SUC R i , as expressed in equation 16 . All the summed terms are positive since the n th derivative of ξ I R i (s) is negative for all odd n.
The result in Theorem 1 provides a fundamental limit on the BS-to-RN hop, and its performance in an interferencelimited scenario. It has a looser integral form α (s) for the success probability P SUC R i , which is not in closed form and must be evaluated numerically; however, tight lower and upper bounds can be obtained in Corollary 1 as follows.
Corollary 1: From equation 16, the Laplace transform of I R i is bounded as
where we have defined
To obtain the success probability of the BS-to-RN hop
min , substitute the upper and lower bounds
Proof: Refer to Appendix B. Next, the success probability analysis for the RN-to-CU hop is calculated.
2) RN-TO-CU HOP
In this section, we analyze the success probability of the RN-to-CU hop, which is defined as the probability that the obtained SINR at CU i (as estimated in equation 5) exceeds a predefined threshold τ CU and can be expressed as (20) which is the CCDF of the SINR R i ; here, τ CU is the minimum SINR threshold for detecting the transmitted messages successfully. This threshold satisfies a targeted SINR and the probability of success at CU i is
where equation 24 is obtained by conditioning S, and the CCDF is denoted by F c CU i
. As shown in Theorem 1 discussed in BS-to-RN hop, here the success probability for the RN-to-CU hop is calculated as
where ξ I CU i is the Laplace transform of the interference I CU i and can be estimated as explained in Theorem 1 of [72] and expressed as
This phenomenon explains how the employment of multiple receiver antennas results in an array: the larger the number of antennas N CU i , the more terms are summed to obtain P SUC CU i , as expressed in equation 25 .
According to Theorem 1 of [72] , we can express
Here,ď RN −CU represents the minimum distance between the RN-to-CU. Note that all terms in the summation are positive since the n th derivative of ξ I CU i is negative for odd n. Proof: Refer to Appendix C.
VOLUME 7, 2019
The result in equation 25 provides a fundamental limit on the RN-to-CU hop and its performance in an interferencelimited scenario. It has a looser integral form α (s) on the success probability P SUC CU i , which is not in closed form and must be evaluated numerically; however, tight lower and upper bounds can be obtained from Corollary 1.
The bounds on the success probability of the RN-to-CU hop P SUC CU i (τ CU ), which are denoted by P SUC CU i (τ CU ) max Next, the success probability for the CU-to-D2D hop is calculated.
3) CU-TO-D2D HOP
In this section, we analyze the success probability of the CU-to-D2D hop, which is defined as the probability that the obtained SINR at D2D user D i (as estimated in equation 8) exceeds a predefined threshold τ D and can be expressed as
which is the CCDF of SINR D i ; here, τ D is the minimum SINR threshold for detecting the transmitted messages successfully, namely, the specified threshold should satisfy a target SINR. The probability of success at the destination is
where equation 33 is obtained by conditioning S, and the CCDF is denoted by F c D i . Similar to Theorem 1, in which the BS-to-RN hop was considered, the success probability analysis for the CU-to-D2D hop is calculated as
where ξ I D i is the Laplace transform of the interference I D i , estimated as explained in Theorem 1 of [72] and expressed as
This finding explains how the employment of multiple receiver antennas results in an array: the larger the number of antennas N D i , the more terms are summed to obtain P SUC D i , as expressed in equation 34.
According to Theorem 1 of [72] , we define
Here,ď CU −D2D represents the minimum distance between the CU-to-D2D. Note that all terms in the summation are positive since the n th derivative of ξ I D i is negative for odd n.
Here, we can recall the distances between BS-to-RN and RN-to-CU and CU-to-D2D hop, given the definition of
The result in equation 34 provides a fundamental limit on the CU-to-D2D hop and its performance in an interferencelimited scenario. It has a looser integral form α (s) for the success probability P SUC D i , which is not in closed form and must be evaluated numerically; however, tight lower and upper bounds can be obtained from Corollary 1.
The success probabilities of the CU-to-D2D hop 
C. INTERFERENCE CANCELLATION
In this section, we have applied interference cancellation at the three receiving nodes: R i ,CU i and D i . Low complex spatial interference cancellation, which is also known as partial zero forcing (PZF), has been applied [64] , [73] . The three hops, namely, BS-to-RN, RN-to-CU and CU-to-D2D, are subjected to K i interference cancellations, where
in which the remaining degree of freedom are utilized to increase the received signal quality.
1) BS-TO-RN HOP
To achieve a higher receiving SINR at RN R i , undesired interferences, such as the interference from nearby RNs and the relay self-interference, must be mitigated. In an interfacelimited scenario, the cancellation of interferences is very essential. Let us express the points of RN ∈ (i, j) in increasing order at RN:
. The low complex spatial partial zero-forcing (PFZ) interference cancellation is applied to cancel K R i interferences at R i . Here, RN represents the coverage area of RN, which includes (i, j). Let's recall the overall interference at R i , namely, I R i , which is defined in equation 3.
where I R i (K ) is the interference need to mitigate. The success probability of the BS-to-RN hop with PFZ can be stated as
Proof: Refer to Appendix D.
2) RN-TO-CU HOP
Similarly, to achieve a higher receiving SINR at the CU, undesired interferences, such as the interferences from nearby RNs, CUs and D2D users, must be mitigated. Let us sort the points of CU ∈ (i, j) in increasing order at CU, namely,
, and apply PFZ to cancel K CU i interferences at CU i . Here, CU represents the coverage area of CU, which includes (i, j). Let us recall the overall interference at CU i , namely, I CU i , which is defined in equation 6.
where I CU i (K ) is the interference needed to mitigate. The success probability of the RN-to-CU hop with PFZ can be stated as
where ξ I CU i (K ) (s) is the Laplace transform of the I CU i (K )
3) CU-TO-D2D HOP
Likewise, to achieve a higher receiving SINR at the D2D user, undesired interferences, such as interferences from nearby RNs, CUs and D2D users, must be mitigated. In an interfacelimited scenario, the canceling of interferences is essential. Let us express the points of D2D ∈ (i, j) in increasing order at the D2D user, namely,
, and the PFZ is applied to cancel K D2D i interferences at D i . Here, D2D represents the coverage area of the D2D user, which includes (i, j). Let us recall the overall interference at D i , namely, I D i , which is defined in equation 9.
where I D i (K ) is the interference needed to mitigate. The success probability of the CU-to-D2D hop with PFZ can be stated as
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In the next section, the outage probability of R i , CU i and D i are expressed.
D. OUTAGE PROBABILITY
The probability that SINR R i falls below a given threshold level τ R , is known as outage probability. For the first BS-to-RN hop, the following equations give the outage probability at R i represented as P OUT ( K ) R i (τ R ), which is the CCDF of 1 − SINR R i denoted as
given by P OUT (K ) R i (τ R ) ∼ = 1 − e (−2π ϒ R ) and stated as
where P SUC(K ) R i has been calculated in equation 41 . Similarly, for the RN-to-CU hop, where signals are received at CU i , the probability that the SINR CU i falls below a set threshold level of τ CU is represented as P OUT (K ) CU i (τ CU ), which is the CCDF of 1 − SINR CU i and expressed as
given by P OUT (K ) CU i (τ CU ) ∼ = 1 − e (−2π ϒ CU ) and stated as
where P SUC(K ) CU i has been calculated in equation 44 . Additionally, for the CU-to-D2D hop, the probability that
, which is the CCDF of 1 − SINR D i can be expressed as
given by
and stated as
where P SUC(K ) D i has been calculated in equation 47. After determining the individual outage probability of each hop, the overall total outage probability denoted as P OUT (K ) T can be estimated as the scalar product of the individual probabilities as
In the next section, the ergodic capacity calculation for all individual hops are shown.
E. ERGODIC CAPACITY
Ergodic capacity is defined as the maximum rate of received signal that a user can achieve at the receiving end. The Shannon-Hartley theorem has been used to compute the ergodic capacity and calculated in bits/second. First, ergodic capacity for BS-to-RN hop (denoted asς BS−RN ) can be determine as
where τ R is minimum threshold SINR value at R i and P SUC(K ) R i is shown in equation 41 . Similarly, the ergodic capacity for the RN-to-CU hop (denoted as ς RN −CU ) can be calculated as
where τ CU is minimum threshold SINR value at CU i and P SUC(K ) CU i is defined in equation 44. Likewise, the ergodic capacity for the CU-to-D2D hop (denoted as ς CU −D2D ) can be estimated as
where τ D is minimum threshold SINR value at D i , and
After calculating the individual ergodic capacity or each hop, the overall total ergodic capacity denoted as ς T can be estimated as the scalar product of the individual capacities
(59)
VI. RESULTS AND DISCUSSION
In this section, the numerical results are presented to corroborate the proposed theoretical model. The results show that the proposed PPP model is robust to interference in the D2D-enabled cooperative cellular network. The results have been evaluated in terms of the success probability, ergodic probability and outage probability for cellular and D2D users at various SINR thresholds and node densities. Moreover, the success probability, ergodic capacity, and outage probability results have been evaluated for various MIMO antenna configurations. The performance of the proposed PPP model approach has been compared with those of the grid model and conventional multi-antenna UDN approaches [52] , [74] . Monte Carlo simulations are utilized to evaluate the proposed scheme and averages are calculated over 1000 independent channel realizations. Table 3 lists the simulation parameters and their corresponding values. According to the homogeneous PPP ψ R in the Euclidean plane, the network model consists of BSs that are connected to RNs with an intensity ϒ R to serve cellular users. The intensity of each CU ϒ CU or D2D user ϒ D is assumed to be associated with the closest RNs in the Voronoi cell of the BSs, thereby resulting in coverage areas that comprise a Voronoi tessellation on the plane [75] . Two independent Poisson processes, namely, CU i and D i , represent the cellular and D2D users, respectively. Figure 4 illustrates the proposed PPP cellular model, where CUs are connected to their respective RNs and D2D users are connected to the nearby CUs to create a D2D network in the corresponding Voronoi cells. The cell structure has been designed according to the SINR value; the source has been deployed such that the users can achieve higher SINR values. Furthermore, a square lattice grid model for BSs, RNs, and cellular and D2D users with eight interfering cells is shown in Figure 5 . The deployment of multi-antenna UDN users is shown in Figure 6 , where the cell has been designed according to the density of cellular and D2D users.
The SINR threshold represents a quantity that is used to limit the theoretical upper bound of the channel capacity in a network. This threshold defines the minimum signal for detecting the original transmitted signal. In the network under consideration, for the RN-to-CU hop, the signal that is transmitted from R i and received at CU i is referred to as the information signal, whereas any undesired signal at CU i is considered an interfering signal. The relationships between the SINR threshold and the success probabilities prior to interference cancellation (P SUC CU i ) and after interference cancellation (P SUC(K ) CU i ) are expressed in equation 25 and equation 44, respectively. The results regarding the success probability with respect to the SINR threshold at CU i are presented in Figure 7 . Here, the probability of successful message exchange for the proposed PPP model is presented and compared with those of the square grid and conventional multi-antenna UDN approaches. According to Figure 7 , as the SINR threshold values increase, the success probability gradually decreases if the fading distributions Figure 7 , when the SINR threshold (τ CU ) is minimal (less than 2 dB), no substantial difference is observed among the approaches. A dramatic difference between the proposed PPP approach and the compared approaches (grid and multi-antenna UDN) gradually begins to appear at 3 dB and continues to grow. Improvements of 22% and 12% have been observed in the success probability compared with the multi-antenna UDN and grid approaches, respectively. Hence, the proposed PPP technique can maximize the success rate and yield enhanced robustness to all interferences at CU i namely, RUI fromR j , CCI from CU j and CDI from D j , as expressed in equation 6. Furthermore, the results for the successful transmission for D2D user D i are plotted for several SINR thresholds in Figure 8 . The success probability with interferences (P SUC D i ) has been estimated in equation 34; however, the success probability after canceling the interferences P SUC(K ) D i is expressed in equation 47. Figure 8 exhibits a similar pattern to Figure 7 : lower values of the SINR threshold yield indistinguishable differences in P SUC(K ) D i ; however, as τ D increases, a consistent difference between the proposed PPP and the other two approaches is observed. At 30 dB, higher correlations of P SUC(K ) D i of 0.928 and 0.932 are observed for the multi-antenna UDN and grid approaches, respectively. However, the proposed PPP method outperformed multi-antenna UDN by 1.93% and the grid approach by 2.3%. Hence, the proposed PPP approach outperforms the other approaches in canceling the interference at D2D users (D i RUI from R j , CCI from CU j and CDI from D j ), as expressed in equation 47 .
The ergodic capacity refers to the maximum rate of communication that can be achieved if the communication duration is sufficiently long to experience all channel states [76] . Figure 9 shows a plot of the ergodic capacity (in bits/second) with respect to the SINR threshold for the RN-to-CU hop, as defined in equation 57. The Shannon-Hartley theorem has been used to calculate the ergodic capacity, which is expressed as C = Bandwidth * log(1 + SINR th ) in [77] , [78] . A significant increment in the capacity ς RN −CU with respect to τ CU is observed among the grid, multi-antenna UDN, and proposed PPP approaches, this is due to the higher availability of bandwidth at CU i . The grid approach achieves the highest overall ergodic capacity for all values of τ CU among the compared approaches, which is due to the ideal deployment of BSs and RNs, as illustrated in Figure 5 . The results show that when the SINR threshold is minimal (less than 3 dB), no significant differences are observed in the ergodic capacity values; however, when the SINR threshold starts to increase, the differences between the results are more readily observable. A close correlation of the ergodic capacity between the proposed PPP method and the grid model is observed with a small difference of 4% at an SINR threshold value of 13 dB. In addition, for an SINR threshold value of 30 dB, a massive improvement of 38% in the ergodic capacity of the proposed PPP method (112 bits/sec) is achieved compared with the multi-antenna UDN approach (83 bits/sec).
Moreover, the ergodic capacity of the D2D user P SUC D i for the CU-to-D2D hop is plotted against the SINR threshold in Figure 10 , as expressed in equation 58. The results reveal a similar behavior of the ergodic capacity to that in Figure 9 , where the grid model delivers a more accurate upper bound compared with the other approaches for all SINR values. However, a decrease is observed in the overall ergodic capacity values for the D2D user compared with CU. This result is due to the higher number of interferences, which results in low received signal values at D2D user D i . The ergodic capacities are indistinguishable among the compared approaches for SINR thresholds of less than 3 dB; however, differences in ergodic values are observed for SINR values that exceed 5 dB. At 30 dB, the proposed PPP method exhibits ergodic capacity values that are close to those of the grid model and a 3.2% higher bit rate (17 bits/sec) than the multi-antenna UDN approach (15 bits/sec). According to these results, the proposed PPP method can reduce all channel interferences to increase the overall spectrum efficiency for D i . The outage probability is defined as the probability that SINR CU i falls below a specified SINR threshold level, which is denoted as τ CU . In Figure 11 , the outage probability of CU is plotted against the SINR threshold for the proposed PPP method, the multi-antenna UDN, and the grid model. The outage probability is calculated as P OUT CU i (τ CU ) ∼ = P SINR CU i ≤ τ CU , as defined in equation 51. The outage probabilities of all compared approaches for an SINR threshold value (τ CU ) that is below 2 dB are less than 10%; however, an increase in the outage probability is observed when τ CU exceeds 3 dB. Significant differences in the outage probability values among all compared approaches are observed when τ CU exceeds 5 dB. This phenomenon is due to the efficient user allocation performed based on users' SINRs rather than users' densities. The proposed PPP method achieved the lowest outage probability of 40% and outperformed the grid and multi-antenna UDN approaches by 12% and 18%, respectively.
Furthermore, the outage probabilities of D2D user D i that were obtained for the proposed PPP method, multi-antenna UDN and grid model against various SINR threshold values are plotted in Figure 12 . The outage probability of the D2D user has been evaluated via presented in Figure 12 is analogous to those in Figure 11 , namely, the proposed PPP method is successful in generating the lowest outage probability for D2D users compared with other approaches. The proposed PPP method consistently generates a lower outage probability for SINR threshold values (τ D ) that exceed 10 dB. The achieved outage probabilities for the proposed PPP approach are 15% and 23% lower compared with the grid and multi-antenna UDN approaches, respectively. These results demonstrate the performance of the proposed PPP method in mitigating cellular interference through improved user allocation based on users' SINRs rather than their density.
The number of users in a cell affects the overall performance of the users due to the occurrence of higher interferences among a large number of active cellular users. In this regard, the total success probabilities as functions of the node density for the proposed PPP method and the grid and multi-antenna UDN models are compared in Figure 13 . The total success probability can be calculated as the scalar product of the individual capacities for all three hops, namely, BS-to-RN, RN-to-CU and CU-to-D2D, which can be expressed as
are defined in equations 41, 44 and 47, respectively. The total success probability decreases as the node density increases for all compared models. Moreover, among the three approaches, the proposed PPP model achieves the highest success probability (97%) for the minimum user density of 40 users/cell compared with the other two approaches. However, the achieved probabilities for the grid and multi-antenna UDN models reach approximately 94.3% and 93.1%, respectively, for the minimum of 40 users/cell and nearly 89% and 88%, respectively, for the maximum of 200 users/cell. These results verify the robustness of the proposed PPP approach for canceling the interferences at D i (RUI from R j , CCI from CU j and CDI from D j ), as expressed in equation 47 .
The total ergodic capacity for users is directly affected by the number of users who are present in a cell. More users correspond to a higher overall capacity due to a higher spectrum utilization and vice versa. Thus, the effect of the node density, namely, the number of users/cell, must be determined to validate the proposed PPP scheme. The total ergodic capacity, which is denoted as ς T , is expressed in equation 59 as
, which is the scalar product of the individual capacities that are achieved at R i , CU i and D i . Figure 14 depicts the ergodic capacity as a function of the node density. The ergodic capacity increases with the node density for all approaches. The multi-antenna UDN model generates the lowest ergodic capacity with increasing node density. This observation is because the cells are designed according to the number of users who are present throughout the cell. Moreover, the results for the proposed PPP method are correlated to those for the grid model for a minimum node density of 40 users (11 bits/sec). The difference increases significantly to approximately 6% for the highest node density of 200 users, where the capacity value reaches 38 bits/sec and 44 bits/sec for the proposed PPP and grid models, respectively.
The outage probability that was achieved through the implementation of the proposed PPP method, compared with the grid and multi-antenna UDN approaches, is plotted in Figure 15 . Similar behaviors of the outage probability as a function of the SINR threshold are observed, as illustrated in Figure 11 and Figure 12 . The total outage probability, which is denoted as P OUT (K ) T (τ ), is expressed as
, as in equation 55, which is a scalar product of the individual probabilities that are achieved at R i , CU i and D i , as expressed in equations 50, 51 and 54, respectively. The outage probability increases with the node density for all approaches; this is due to more devices being active in the cell, thereby causing higher interferences. The proposed PPP method consistently delivers a low outage probability that ranges from 2% to 9% for the minimum to maximum node densities, compared to the grid and multi-antenna UDN approaches, for which the probabilities range from 6% to 11% and 7% to 12%, respectively. Thus, the proposed PPP method can handle interference for both lower and higher node densities, thereby ensuring improved overall network performance.
The subsequent sections will further validate the performance of the proposed PPP method on different antenna configurations. As discussed, the total overall success probability is affected by the number of transceiver antennas in the configuration, as expressed in equations 41, 44 and 47. Therefore, Figures 16, 17 and 18 investigate the behaviors of the success probability, ergodic capacity and outage probability, respectively, under various antenna configurations. Figure 16 plots the total success probability against various SINR threshold values by varying the number of transceiver antennas among, e.g., 2x2, 4x2, 6x2 and 8x2, where the first term represents N t and N r . The total success probability decreases as the SINR threshold value decreases, similar to Figure 7 and Figure 8 . The total success probability is nearly ideal for SINR threshold values of less than 3 dB, regardless of the antenna configuration. A difference in the values of the total success probability is observed when the SINR threshold value reaches 5 dB and higher. N t = 8 corresponds to the highest success probability, followed by N t = 6 and N t = 4, and N t = 2 corresponds to the lowest total success probability. The total difference between the highest total success probability of N t = 8 and the lowest total success probability N t = 2 is 3.3%. The results clearly show that the proposed PPP approach supports the MIMO configuration efficiently and that deploying multiple antennas for the transmission increases the spectral efficiency, thereby yielding a higher successful transmission rate.
The total ergodic capacity is calculated as the scalar product of the individual ergodic capacities that are achieved at R i , CU i and D i , as estimated in equation 59. However, the capacities for individual hops, namely, ς BS−RN , ς RN −CU , and ς CU −D2D , are calculated via equations 56, 57, and 58, respectively. Figure 17 plots the total ergodic capacity against various SINR threshold values for various antenna configurations. The total ergodic capacity increases with the SINR threshold value, similar to Figure 9 and Figure 10 . The total ergodic capacity is very low for all antenna configurations for SINR threshold values of less than 3 dB. However, as the SINR value increases, the achieved total ergodic capacity also increases, and the difference becomes distinguishable between the antenna configurations. At a SINR threshold of 30 dB, N t = 8 corresponds to the highest total ergodic capacity (71 bits/sec), followed by N t = 6 (53 bits/sec), N t = 4 (36 bits/sec), and N t = 2 (19 bits/sec). This observation validates that when the number of pairs of transmitter and receiver antennas is increased in the system, coupled with the proposed PPP technique, spatial multiplexing can be increased, thereby enhancing the overall ergodic capacity of the system.
The total outage probability is calculated in equation 55 as the scalar product of the outage probabilities of individual hops R i (P OUT (K ) R i ), CU i (P OUT (K ) CU i ), and D i (P OUT (K ) D i ), which are expressed in equations 50, 52 and 54, respectively. Figure 18 depicts the outage probabilities under various antenna configurations against various SINR threshold values. The total outage probability increases with the SINR threshold value, similar to Figure 11 and Figure 12 . As expected, the 8x2 antenna configuration delivers the best performance while achieving the minimum outage probability of 7% at an SINR threshold value of 30 dB. A maximum total outage probability of 9.3% is achieved by the 2x2 antenna configuration at an SINR threshold value of 30 dB, followed by 4x2 (8%), 6x2 (7.2%) and 8x2 (7%). The difference between the total outage probabilities for N t = 2 and N t = 8 is 33%. This observation confirms that deploying the multiple antenna configurations at the transceivers for the proposed PPP model enhances the spectrum efficiency, which leads to the realization of the optimal total outage probability.
VII. CONCLUSIONS
Next-generation wireless systems, such as 5G and beyond, are expected to implement efficient interference management mechanisms to achieve more reliable communications. D2D and cellular links share similar spectrum resources, which causing severe interference between them. Therefore, interference management is crucial because interference severely hinders the overall network performance. In this paper, a stochastic-geometry-based PPP model is designed and a comparative approach is used to implement the realistic positioning of BS, RN, CU, and D2D users, with the objective of realizing interference-free D2D-enabled cellular networks. The success probabilities, ergodic capacities and outage probabilities that are achieved by the cellular and D2D users as functions of the SINR threshold and node density are examined. Moreover, these results have been elaborated at various MIMO antenna configurations to validate the results. The numerical results confirm the robustness of the proposed PPP model against interference for the D2D-enabled cooperative cellular network compared with the grid and multi-antenna UDN models. The results that are presented in this paper can be used to conveniently evaluate and implement futuregeneration 5G communication networks for real-life environments. In future work, the influence of cellular and D2D users' mobility factors will be investigated. Moreover, severe undesired signals, such as device noise and adjacent-channel interference, should be incorporated into the model and mitigated. In addition, there are several other nodes distribution approaches such as the Matern cluster process (MCP) and Matern hard-core process (MHCP) with a minimum interdistance between every two nodes, which can be used for more realistic modeling.
APPENDIX A
The success probability of the first hop is calculated as
where I R i is defined in equation 3 as the overall interference received at R 1 i.e.,
Let us define f I R i (t) = dP I R i < t as the PDF of I R i . The integration of f I R i (t)using the CCDF , and the probability of success given is by 
Finally, using the CCDF F c R i
(st) = e −t and Laplace transform, the success probability can be expressed using the transformation of f I R i (t) as and Gamma distributions, and applying it to [80] (Theorem. 1) we can obtain equation 16 .
APPENDIX B
Building on [80] 
APPENDIX C
The success probability of the RN-to-CU hop is calculated as CU −D2D 2π ϒ DďCU −D2D , which yields its SINR as stated in [64] . The CDF of SINR regarding the I D i is given by, 
